Peptic ulcer disease (PUD) is a multifactorial and complex disease caused by an imbalance of protective and aggressive factors (endogenous and exogenous). Despite advances in recent years, it is still responsible for substantial mortality and triggering clinical problems. Over the last decades, the understanding of PUD has changed a lot with the discovery of Helicobacter pylori infection. However, this disease continues to be a challenge due to side-effects, incidence of relapse from use of various anti-ulcer medicines, and the rapid appearance of antimicrobial resistance with current H. pylori therapies. Consequently, there is the need to identify more effective and safe anti-ulcer agents. The search for new therapies with natural products is a viable alternative and has been encouraged. The literature reports the importance of monoterpenes based on the extensive pharmacological action of this class, including wound healing and anti-ulcerogenic agents. In the present study, 20 monoterpenes with anti-ulcerogenic properties were evaluated by assessing recent in vitro and in vivo studies. Here, we review the anti-ulcer effects of monoterpenes against ulcerogenic factors such as ethanol, nonsteroidal anti-inflammatory drugs (NSAIDs), and Helicobacter pylori, highlighting challenges in the field.
Introduction
The term peptic ulcer disease (PUD) is described by the rupture of the defensive barrier of the epithelial mucosa of the stomach and duodenum and is characterized by their inflammatory process and ulcer formation [1] . The ulcers range from superficial epithelial damage to deeper erosions, causing organ bleeding and perforation [2] [3] [4] . PUD (incidence of 0.1-0.3% per year) affects about 5-10% of the worldwide population and varies according to age, sex, and geographic location [2] . This condition is frequently associated with serious complications, including heavy bleeding, perforation, gastrointestinal obstruction, and malignancy. Currently PUD has decreased significantly, but has not disappeared. The etiologies of this disease are diverse and heterogeneous and demand selective therapies to control and reduce their complications [3] . It is the most predominant gastrointestinal disease and remains a worldwide health problem due to its high morbidity, mortality, and serious therapeutic challenges [2, 4, 5] . Table 1 summarizes the monoterpenes that could be candidates for new anti-ulcer drugs based on in vivo and in vitro experimental models. We chose to only include studies conducted with isolated monoterpenes and exclude those in which monoterpenes were components of essential oils and other compounds to avoid the possible effects of interactions (synergisms and/or antagonisms between compounds). Several experimental models have been utilized to evaluate anti-ulcer drugs, but they are mainly used to investigate the preventive (gastroprotective) and curative (healing) properties of anti-ulcer agents. The monoterpenes presented are potential therapeutic targets for the treatment of ulcers and were selected based on their effects in animal models against the ingestion of noxious exogenous agents such as NSAIDs and ethanol or via oxidative stress (simulated by the ischemia-reperfusion process). Table 1 . Monoterpenes with gastroprotective and healing effects.
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NSAIDs
NSAIDs are one of the most widely used drugs in the world, causing a substantial increase in the risk of upper gastrointestinal complications [21] . These drugs are commonly used to treat pain, fever, and inflammation [71] , and also for stroke prevention [72] . However, despite its positive anti-inflammatory and analgesic effects, gastric mucosal damage as a result of NSAID treatment is described as the most serious adverse reaction to this class of compounds [12, 73] .
NSAIDs cause gastrointestinal ulcers and complications, mainly via the inhibition of cyclooxygenase (COX), a key enzyme in the biosynthesis of PGs. COX-1 and COX-2 are two well-identified isoforms of COX [12, 73] . The COX-1 isoform is constitutively expressed in most tissues, producing PGs, essential in the protection and maintenance of the stomach, stimulating the synthesis and secretion of mucus and bicarbonate, increasing blood flow, and promoting epithelial proliferation, which is primarily responsible for the upkeep of gastric mucosal integrity. COX-2 is rapidly induced, mainly as a response to inflammatory stimuli [74] .
In this context, traditional NSAIDs that inhibit the action of COX-1 and COX-2 (such as indomethacin or acetylsalicylic acid) induce stomach damage and cause a marked decrease in PGE 2 content in the gastric mucosa [74] . This effect occurs via the inhibition of the COX-1 isoform, creating a gastric environment that favors topical attack by endogenous and exogenous agents [75] . Thus, due to the prevalence and severity of gastrointestinal complications related to NSAIDs, efforts have been undertaken to prevent mucosal injury induced by these drugs.
Monoterpenes have demonstrated substantial gastroprotective action against NSAIDs in experimental models (in vivo). These include thymol [70] , ascaridole [50] , citral [45] , eucalyptol or 1,8 cineole [51] , epoxy-carvone [52] , menthol [56, 57] , α-terpineol [61] , thymoquinone [62] , carvacrol [63] , limonene [43] , and β-myrcene [67] . Limonene, for example, was able to reduce up to 99% of gastric ulcer formation induced by indomethacin [43] (Table 2) . Other monoterpenes, such as citral, prevented gastric ulcers in 76% of cases with 25 mg/kg, the lowest dose in the study [45] (Table 1) . Attention should be paid to the monoterpenes thymol [70] , menthol [56, 57] , limonene [43] , and carvacrol [63] , which play vital protective roles via stimulating the increase of mucus secretion and/or PGE 2 content in the gastric mucosa. This stimulus is responsible for increasing the protective factors and maintaining gastric mucosal integrity. However, monoterpenes such as thymoquinone [62] present effective gastroprotective effects against NSAIDs acting in another way by reducing oxidative stress and increasing antioxidant defense mechanisms. An additional therapeutic purpose for monoterpenes is to improve therapeutic efficacy of NSAIDs (such as ibuprofen and acetylsalicylic acid) and retard gastrointestinal side-effects by use of prodrugs and promoieties like menthol, thymol, and eugenol that aim to have a synergistic effect as these are natural analgesics with traditional medicinal values [76] .
Ethanol
In addition to NSAIDs, ethanol is one of the most irritating exogenous agents for the gastric mucosa. It is currently considered a drug of abuse that can cause a wide range of mental, social, and physical damages. Globally, alcohol consumption results in approximately 3.3 million deaths annually (or 5.9% of all deaths) and 5.1% of the global burden of disease [77] .
Ethanol rapidly penetrates the gastric mucosa, causing damage to the membrane, exfoliating the cells, and leading to tissue erosion [14] via mechanisms such as the formation of reactive oxygen species (ROS) [78] , a decrease in the concentrations of SH in the contents of the gastric mucosa [79] , rupture of the endogenous mucus and increase in gastric acid secretion, and damage to the gastric mucosa due to hemorrhagic lesions [80] , cellular apoptosis [81] , induction of lipid peroxidation, and decreased levels of GSH [82] . Ethanol also induces injury to the vascular endothelium of the mucosa, causing disorders in the microcirculation and promoting ischemia, resulting in an imbalance with substantial production of free radicals at the site [83] . In experimental models involving the administration of absolute ethanol, ethanol 70%, or ethanol plus HCl (in different proportions), pretreatment with monoterpenes significantly reduced lesion areas and increased the production of mucus, SH, NO, and PGs, exhibiting an important gastroprotective effect. In animal models, carvacrol [63] , citronellol [64] , geraniol [67] , epoxy-carvone [52] , α-pinene [60] , myrtenol [58] , α-terpineol [61] , linalyl acetate [55] , menthol [56, 57] , nerol [59] , eucalyptol [51] , limonene [43, 44] , thymol [70] , and β-myrcene [67] reduced up to 100% of the gastric lesions caused by ethanol administration (Table 1 ). In this review, we observed that the isomers of two bicyclic monoterpenes presented different anti-ulcer effects. The α-pinene (30 mg/kg) reduced up to 44% of the gastric lesions induced by ethanol and β-pinene (33 mg/kg) was unable to protect gastric mucosa against ethanol. The solubility of αand β-pinene could probably result in a lower bioavailability and these different effects [84] .
Ischemia-Reperfusion (I/R)
The I/R process is another important aggressor of the gastric mucosa. Exposure of the gastric mucosa to I/R induces hemorrhagic damage caused by the increased generation of ROS, microvascular dysfunction, and the adhesion of neutrophils, leading to the enhancement of tissue lipid peroxidation, which results in mucosal injury and cellular death [85] [86] [87] . Since ischemia is rarely preventable, most research in the field focuses on the advancement of techniques for the early detection and identification of therapeutic targets that contribute to minimizing post-ischemia damage [87] . The monoterpenes carvacrol and β-myrcene significantly decreased ulcerative lesions, protecting 38% and 86%, respectively, in an I/R model [63, 67] . Interestingly, the monoterpene β-myrcene prevented the gastric damage induced by the generation of ROS, increasing antioxidant enzymes such as GPx, glutathione reductase, and total glutathione levels in the gastric mucosal tissue [67] .
Acetic Acid
One of the biggest problems with PUD formation is the chronicity of the disease, characterized by repeated episodes of healing and re-exacerbation, which is a challenge for patients and doctors [88] . Ulcer healing is a well-regulated and programmed repair process, including cell proliferation, inflammation, re-epithelialization, formation of granulation tissue, angiogenesis, and interactions between various cells and the extracellular matrix, resulting in tissue remodeling and scar formation [89] .
The acetic acid ulcer model in rats is the standard model for screening of new anti-ulcer drugs because it closely resembles human ulcers in terms of both pathological features and healing mechanisms [42, 89] . Some monoterpenes administered orally showed a significant reduction in gastric lesions in the acetic acid-induced ulcer model. Carvacrol (91%) [42] , linalool (48%) [53] , eucalyptol (43%) [51] , thymol (92%) [70] , ascaridole (57%) [50] , and geraniol (81%) [68] effectively healed the wounded gastric mucosa in relation to a control group treated with a vehicle. Animals with gastric lesions were treated with these monoterpenes for five days (geraniol) [68] , seven days (ascaridole and thymol) [50, 70] , or 14 days (carvacrol, linalool, and eucalyptol) [52, 55, 68] . The monoterpenes acted via different mechanisms to promote gastric healing, including anti-secretory effects that inhibit acid secretion and accelerate ulcer healing (e.g., ascaridole) [50] , reducing the release of inflammatory mediators in damaged gastric tissues (e.g., carvacrol) [42] , inducing mucosal PGE2 generation that plays a relevant role in the regulation of gastric acid secretion and the maintenance of gastric mucosa integrity (e.g., carvacrol [42] and geraniol [68] ), scavengers of ROS such as geraniol [68] , eucalyptol [51] , and linalool [53] , and also promoting regeneration of the gastric cells of the mucosa such as eucalyptol [51] .
The solubility of the monoterpenes is an important factor in the evaluation of their anti-ulcer effects. Generally, these compounds exhibit inadequate solubility, usually resulting in poor bioavailability and further limiting their application [54] . Most of the monoterpenes described in Tables 1 and 2 were solubilized in Tween 80, varying in their proportion of dilution (0.1-10%). However, some monoterpenes, such as linalool and carvacrol, were solubilized in saline solution, which raises major concerns about their actual bioavailability in the body. Nanoparticles as an effective drug delivery system have become known for their advantage at solving problems related to the solubility and bioavailability of monoterpenes. For example, previous research of linalool-loaded nanostructured lipid carriers [54] or the same linalool incorporated into inclusion complex containing β-cyclodextrin revealed significantly improved anti-ulcer effects [53] .
Mechanisms of Action of the Peptic Ulcers
There are several mechanisms involved in the gastroprotective and healing effects promoted by monoterpenes. Among these mechanisms, we can highlight the reduction of acid secretion, indicated by the increasing in pH; reduction of pepsin, and reduction of lipid peroxidation, as we can observe with α-pinene, ascaridole, and eucalyptol [42, 43, 56, 60] . In addition, monoterpenes such as menthol and carvacrol, can enhance gastroprotective factors (mucus, bicarbonate efflux, and SH), and preserve the integrity of the mucosal layer by promoting cell proliferation, which is crucial to the healing of the tissue. Eucalyptol, menthol, and geraniol also increase the release of antioxidant factors and the maintenance of PGE 2 and NO levels, which act in the upkeep of gastric microcirculation [51, 59, 64, 68, 71, 75] .
The main markers used to evaluate anti-inflammatory and antioxidant mechanisms are MPO, an enzyme present in neutrophils, and MDA, a final product from the reaction between ROS and polyunsaturated fatty acids from cell membranes; both can be used as indicators of inflammatory processes [45, 46, [67] [68] [69] 90] . For defense against free radical damages, the cells developed different antioxidant defenses to maintain cellular homeostasis [91] . The body has enzymatic and non-enzymatic antioxidant mechanisms. The antioxidants enzymes are catalase (CAT), GPx, and SOD [92] . The non-enzymatic antioxidant system, in turn, is formed by substances such as flavonoids from diet, vitamin E, polyphenols, albumin, carotenoids, uric acid, vitamins, and GSH [92] . The activity of antioxidant enzymes has been investigated in the pathogenesis of gastric ulcer [93] . The local formation of superoxide (O 2 •) can activate SOD, which catalyzes its dismutation to H 2 O 2 . Posteriorly, the inactivation of H 2 O 2 in H 2 O occurs through the activation of CAT or GPx enzymes [78] . GSH is a tripeptide containing cysteine found in most aerobic organisms [94] . The antioxidant properties of GSH lies in its cysteine portion, which contains a thiol group, a reducing agent that can be oxidized in a reversible fashion [95] . GSH is found in high concentrations in the gastric mucosa acting directly as a potent antioxidant and indirectly as a substrate for antioxidant enzymes [91] . The monoterpenes menthol, thymoquinone, geraniol, limonene, thymol, and β-myrcene increase activities of antioxidant enzymes GSH, SOD, and GPx [52, 53, 56, [60] [61] [62] [63] [64] .
The participation of the antioxidant mechanism has an important role in the ability to strengthen defensive factors. Among the monoterpenes, we highlight the gastroprotective effect of thymoquinone that decreases the oxidative damage of gastric mucosa by reducing lipid peroxidation, TOS (total oxidant status), and OSI (oxidative stress index) and increasing TAS (total antioxidant status) and TT (total thiol levels) [62] .
Inflammation plays a prominent role in ulcer formation and healing. TNF-α, IL-6, and IL-10 are important mediators of inflammation with nuclear NF-κB activation; thus, they were used to investigate the mechanisms underlying the anti-inflammatory effect [96] . The reduction of TNF-α levels inhibits neutrophil infiltration into the gastric mucosa and the reduction of IL-6 concentration suppresses the activation of immune cells in the inflammatory site through oxidative stress [97] , while IL-10, the most important anti-inflammatory and immunosuppressive cytokine [98] , suppressing the production of TNF-α, which results in the reduction of inflammatory responses [96, 99] . Therefore, cytokines such as TNF-α, IL-6, and IL-10 are important factors in the severity of gastric ulcers [100] . The monoterpene limonene displayed anti-inflammatory activity by decreasing TNF-α, IL-6, and IL-1β and increasing the level of IL-10 [44, 62, 63] .
Degradation and remodeling of the extracellular matrix (ECM) is a process of major importance during gastric ulcer formation, in which matrix metalloproteinases (MMPs) are essential. Among the different subtypes of MMPs, MMP-9 is known to play an important role in gastric damage [101] . MMP-9 expression is associated with the production and release of inflammatory mediators, such as interleukin-4 (IL-4), interleukin-1β (IL-1β), and most importantly TNF-α [102, 103] . Oxidative stress and ROS in gastric glands enhance the expression of MMP-9, intensifying the gastric mucosal injury [101, 103] . Thymol protects against ethanol-induced gastric ulcer by downregulating the expression of MMP-9 [69, 70] .
Furthermore, some monoterpenes such as myrtenol and geraniol activate γ-aminobutyric acid A (GABA-A) and TRPV-1 receptors, hence increasing the release of CGRP that acts by relaxing the smooth muscle surrounding the arterioles, resulting in elevated mucosal blood flow, increased mucus, and intracellular pH on the surface of the stomach [104, 105] . ATP-sensitive potassium channel opening is also among the gastroprotective mechanisms of menthol, carvacrol, and thymol, its prostaglandin-mediated activation increases blood flow in the gastric mucosa [106] .
Besides the factors mentioned above, some monoterpenes have a microbicidal property, inhibiting the growth of H. pylori, an agent closely linked to gastric ulcer development.
Monoterpenes with Anti-H. pylori Effects
The eradication of H. pylori infection is one of the main therapeutic approaches for the treatment of gastric ulcers. Some monoterpenes with anti-ulcerogenic and gastroprotective effects also showed in vitro antibacterial effects against H. pylori. The bactericidal effect of monoterpenes is mainly due to the disruption of the microorganism's lipid membrane, which increases cell permeability and leads to an inhibition of microbial metabolism. The antimicrobial effect seems to be related to the presence of a hydroxyl group in the compound structure. This biological activity increases proportionally with the number of hydroxyl groups [46] . Carvacrol had a minimal inhibitory concentration (MIC) of 40 mg/L, and geraniol (2 mg/L) inhibited 92% of H. pylori growth [39, 68] . Limonene and β-myrcene had MICs of 75 µg/mL and 500 µg/mL, respectively [43, 67] . Safranal had a MIC 50 of 32 µg/mL [68] . Citronellol had a microbicidal effect against H. pylori infection, both in vitro and in vivo [64] . Bergonzeli et al. (2002) observed that the positions of the double bond in the aliphatic chain from eugenol and isoeugenol (two isomers) suggested that this conformation of the molecule is essential for passage through the H. pylori membrane and isoeugenol was more active against H. pylori than eugenol. However, several monoterpenes, despite the great healing and gastroprotective effect, do not have an anti-H. pylori effect (in vitro) as is the case of thymol [70] .
Conclusions
This study presented the anti-ulcerogenic, healing, and antimicrobial effects of monoterpenes in experimental models related to PUD. Here, we demonstrate the therapeutic potential of this biomolecule class as a source for the development of new therapies through action in the balance between protective and aggressive factors against H. pylori infection. We found a substantial lack of clinical studies in contrast to the large volume of pre-clinical studies that prove that monoterpenes are viable candidates for anti-ulcerogenic drugs. Understanding the pharmacological actions and mechanism of action of monoterpenes used for PUD may provide the scientific basis for future translation in which the knowledge from preclinical research may be applied to the clinical practice of new therapies for this disease.
